Theoretical models are presented for the enhancement of the electron density at a positron in a semiconductor or insulator host. The model better suited for typical semiconductors is based on the many-body theory for the screening of a positron in electron gas. The starting point of the model for insulators is the atomic polarizability. The common parameter in both models is the highfrequency dielectric constant. Moreover, the enhancement depends on the ambient electron density in the semiconductor model and on the unit-cell volume in the insulator model. With use of the models developed, positron lifetimes in perfect semiconductor and insulator crystals have been calculated. In the calculations, three-dimensional electron densities and electrostatic potentials are obtained by atomic superposition and the fully three-dimensional positron wave functions are solved by a relaxation method. The calculated positron lifetimes agree with the experimental ones within a few picoseconds. Moreover, we have used the model to predict lifetimes of positrons trapped by lattice defects such as vacancies and vacancy clusters.
I. INTRODUCTION
The electronic screening of a positron in condensed matter manifests itself in a very pronounced way: due to the electron pileup the observed positron lifetimes are much shorter than the ones predicted by the independent-particle model (IPM), which omits the electron-positron correlation effects. ' The screening of a positron in a metal is well understood on the basis of the many-body theory for a positive delocalized particle in a homogeneous electron gas. The enhancement of the electron density at the positron depends on the density of the unperturbed system. For instance, the enhancement factor for a high-density electron gas corresponding to the density parameter r, =2 (atomic units) is about 4 and increases rapidly to the value of about 40 when the electron density decreases to r, =6. The diverging behavior at the vanishing electron density is in fact due to the formation of a negative positronium ion (Ps ) which guarantees a finite contact density also at this limit. The electron gas picture cannot be as such applied in the case of semiconductors or insulators because the polarizability or the screening efficiency of the electrons in the filled valence bands is, due to the lack of the low-energy excitations over the Fermi surface, less than the polarizability of the conduction electrons in metallic systems.
In this paper we introduce two simple models which describe the screening of positrons in semiconductors and insulators. The starting point of the first model is the above-mentioned theory for the positron in a homogeneous electron gas whereas the second model is based on the "atomic" polarizability of the constituents of the solid. It turns out that the former suits for the typical group-IV elemental and III-V and II-VI compound seiniconductors while the latter works in the case of large-band-gap insulators. The borderline between semiconductors and insulators is, of course, not sharp and one should try to find a more general theory which covers both regions and which gives our two models at the appropriate limits. However, it has been found in this work that the two models overlap so that some of the host systems can be described equally well by both the models.
The two models not only give insight into the mechanisms of screening but also a quantitative description of its effect on the positron annihilation rate and the correlation energy. This is most useful for practical calculations for positron states in perfect and defected crystal lattices. The practical calculational schemes use the screening properties of positrons in the sense of the Kohn-Sham local-density approximation (LDA): the correlation energy and the annihilation rate at a given point in the host system depend only on the electron density at that point. Moreover, in the conventional scheme, which does not employ the two-component densityfunctional theory, these quantities are calculated for all states, i.e. , including the localized ones, using the unperturbed host electron density (the zero positron density limit of the two-component theory).
The basis of the present work lies in the accurate rneasurements of positron lifetimes in bulk semiconductors and insulators. The trends seen in these provide guidelines for the models and the absolute values are the necessary test data to be reproduced in calculations. However, the extraction of the positron bulk lifetimes from the measured lifetime spectra is ambiguous due to the lifetime components connected with annihilation at defects in the samples, at sample surfaces, or in the positron source. For example, two values, 220 ps (Ref. 5) and -230 ps, ' have been suggested for the bulk positron lifetime in GaAs. The difference is only 10 ps but i.s very 39 7666 1989 The American Physical Society important because it afFects the interpretation of the experimental data in defect-containing simples and the crucial identificatiori of defects present. Our calculations, free from adjustable parameters, will help in decomposing and interpreting the lifetime spectra.
The assignment of difFerent lifetime components with difFerent defects is an even more difficult task than the extraction of the positron bulk lifetimes as there can be several types of defects present simultaneously and in addition they can exist in difFerent charge states. ' ' Theoretical predictions will help the analysis of the cornplicated data. ' Therefore we have applied the models in calculations of positron states in vacancies and divacancies in semiconductors and insulators.
Bn(r) = -2Zn(0) . Br (5) Let us assuine that the screening charge decays exponentially as proportional to Z/er, where e is the (static) dielectric constant of the medium. This means that the screening cloud of a point charge contains efFectively Z(1 -I/e) electrons. This fact is used in the following simple picture as a sum rule for the electron density screening the positron in a dielectric medium.
The electron density n(r) screening a positive point charge obeys the cusp condition' at the origin, where the point charge Z is located, i.e. , II. MODKI S FOR POSITRON SCREENING n (r) =no+ Ce (6) A. Semiconductor model
The screening of a positron by conduction electrons in metals can be described by the many-body calculations for a delocaliaed positron in a homogeneous electron gas. The roost important results from these calculations are the positron arinihilation rate and the positron correlation energy. The former depends on the contact electron density n (0), which is a function of the ambient electron density n"=3/4n r, (given in a.u. ):
=16mn"=1. 2/r, ns is the IPM result, in which ro is the classical electron radius and c is the speed of light. Above, in Eq. (1) b, g is the enhancement factor, which gives the relative pileup of the electron density at the positron. In the metallic density range, 2 & r, & 6, an accurate interpolation formula" for the enhancemerit factor is r, +10 Ag(n, )-=
or A, , (n") =2+ 134n"ns (4) The latter form shows that the low-density limit for the annihilation rate is 2 ns ', which corresponds to the spin-averaged lifetime of a Ps atom. ' The positron correlation energy is defined as the lowering of the total energy of the system due to the electron relaxation relative to the uniform distribution. It is also determined by many-body calculations for a positron in a homogeneous electron gas.
In semiconductors and insulators the existence of a band gap prevents the valence electrons from responding to external perturbations as efFectively as the conduction electrons in metals. The screening is not perfect, which means that a stationary point charge Z produces a longrange Coulomb potential with an asymptotic behavior where no is the unperturbed constant density. C and a are parameters which are eliminated using the cusp condition and the sum rule Ce 4m. r dr =Z 1 ---2ar 2 1 0 E' In the case of the light positron in the electronic system the cusp condition Eq. (5) has to be modified. At low electron densities the screening corresponds to the twobody (electron-positron) scattering, ' and it can be described by scattering of particles with chaigee (electron charge) and mass p=m /2 (m =electron mass) from a point charge +e of infinite mass. As a result, the right-hand side of Eq. (5) has to be divided by two. Moreover, due to the light mass (strong recoil) of the positron it is more appropriate to use the high-frequency dielectric constant e". In other words, ions have no time to relax according to the instantaneous position of the positron. However, the static and high-frequency dielectric constants are not very difFerent, so that both would give rather similar results for positron states and annihilation rates in semiconductors. With these substitutions the contact density calculated to the linear order in rio reads as n (0) =4no+ 1 8m +201no ns (9) In order to make the result of this simple calculation agree with Eq. (4) at the metallic liinit e =~w e have to substitute the numeric factor of 201 by 134. As a matter of fact, Eq. (9) is the low electron density limit due to the approxiinations made in Eq. (8) . Higher-order corrections to Eq. (9) bring it at finite densities (r, -2. . . 6) closer to the result of Eq. (4), but then the annihilation rate is no longer linear in no Therefore .we prefer the Thereafter, the positron annihilation rate can be calculated from the contact electron density as A, , =mrocn(0) A, , =2 1 -+ 134no ns 1 j.
(1 -1/e )r, +10 =31+ r ns (10) above simple substitution and get the following parameter-free model for the positron annihilation rate in semiconductors: 12 r, +10 1+f(r"s ) ns (14) states. They fitted E so that the dielectric function calculated in the model approaches at the zero-frequency limit the experimental static dielectric constant. The width of the valence band is simply the Fermi energy (EF) in the free-electron model with the average valence electron density of the semiconductor. They found that the positron annihilation rate can be expressed as B. Insulator model =12 1 1+ A +BR ns p 3 E~+2 (12) where A and B are parameters which can be determined by fitting the calculated positron lifetimes to the experimental ones. The parameter 3 will make the enhancement factor always larger than 1.5, which is the accepted value for tightly bound core electrons. ' %'e have found (see below) that the following values reproduce best the existing experimental data:
Due to the two parameters introduced, the insulator model can be considered rather as an interpolation scheme, contrary to the semiconductor model Eq. (10), which has no adjustable parameters. The insulator model is applied in this work mainly to solids with covalent bonds or to solids with partial ionic-bond character. The application to positron states in rare-gas solids, which previously have been studied extensively, would require a more careful treatment' of the correlatiori effects due to atomic polarizatiori, because e is very close to unity for these solids.
In insulators a more realistic approach than starting from the free-electron-gas model is based on the atomic polarizabilities of the constituents of the solid. The enhancement of the electron density at the positron is assumed in the lowest order to be proportional to the atomic polarizability a", which in practical calculations can be estimated from the Clausius-Mossotti relation 3fl (e -1) &a~= 4m. (@+2) where 0 is the unit-cell volume. The enhancement factor is now constant contrary to Eq. (10), which depends through the term r, on the local electron density. ( 
When inserted in Eq. (14) this does not give the present form in Eq. (10) and the resulting enhancement factor is generally too small. However, if c& is used as a free parameter, a single value, c. z =0. 2, reproduces well the experimental bulk lifetimes for several semiconductors.
Chiba et al. have developed a theoretical model for describing the positron correlation with tightly bound electrons such as those in insulators. They derived an enhancement factor which depends on the binding energy and on the electron momentum of the core level. For practical calculations they made the Thomas-Fermi approximation in which the electron binding energy and the local Fermi momentum are expressed in terms of the local electron density. It follows that the enhancement factor then is a function of the electron density only. The weak point of this approximation is, as will be seen below, that the observed variations in the enhancement factor are so large that they cannot be described as arising only from the density variations.
D. Correlation potential and the practical calculations
When applying Eqs. (10) and (12) for calculations of positron states and annihilation rates the correlation energy used in the LDA potential should be consistent with them. A scaling argument' asserts for the correlation energy where f (r"E ) is a factor describing the reduction of electron enhancement in semiconductors relative to metals for which f =1 gives Eq. (4). Above, e is the "gap parameter" related to the widths of the band gap and the valence band as C. Previous models Brandt and Reinheimer' studied in a pioneering work the screening of a positive point charge in semiconductors and insulators. They used the Penn model, ' in which the host is mimicked by a homogeneous electron gas with an energy gap (E ) in the parabolic density of where A, is the actual annihilation rate and Xo is the IPM result Eq. (2). The correlation energy has been calculated for the case of a homogeneous electron gas and a practical interpolation formula" is available. This can be used for semiconductor and insulator systems described by Eqs. (10) where hgEG and hg are the enhancement factors for the electron gas and for the present models, respectively. In actual calculations in which the discrete lattice structure with the inhornogeneous electron density has been included the above formulas have to be used in the sense of the local approximation.
In the conventional scheme for calculating positron states the electron structure undisturbed by the presence of the positron is used. The potential affecting the positron at point r in the host is then obtained as &+(r)= &c,"i, b(r)+&""(n(r)), (19) where Vc,"&, b is the Coulomb potential rising from the host charge distribution and n (r) is the host electron density. Next, the corresponding positron wave function ++ is solved. The total positron annihilation rate k and the positron lifetime~are calculated then also in the local approximation as A, = 1/r= f dr~V +~[A,, (n"(r))+A, , (n, (r))] . (20) Above, the annihilation rates with valence (n, ) and core (n, ) electrons are taken into account separately. Equation (4), (10), or (12) should be used for A, "whereas the annihilation rate with core electrons can be calculated starting from the IPM result and using a constant enhancement factor of y, = 1.5, i.e. , (n, ) = . 16m y, n, ns
In this work we have performed the calculations using the practical method introduced by Puska and Nieminen. ' The host electron density and the Coulomb potential are constructed by superimposing free atoms, solved by a computer program using the local-density approximation ' for the electron exchange and correlation. The fully three-dimensional Schrodinger equation is solved for the positron wave function and eigenenergy by a numerical relaxation method. The mesh points, which are used to describe the potential, electron density, and the positron wave function in the crystal form an orthorombic Bravais lattice. Translation and point syrnmetries are used to reduce the integration volume as much as possible. The calculation scheme is known to be powerful for describing positron states in perfect metal lattices, in point defects, and on metal surfaces. ' Recently, it has been successfully used for semiconductors Si and GaAs.
[112] Direction FIG. 1. Total electron density in InP. Atomic superposition is used. The value for the contour nearest to the interstitial region is 0.01ao . The values increase monotonically towards the ion cores with the spacing of 0.005ao electron densities. In this work we even use spherical atomic densities. The resulting electron density in the zinc-blende lattice structure is shown in Fig. 1 in the case of InP. The superimposed electron density does not show the pileup at the bonds between the neighboring atoms. The charge transfer towards ionicity cannot be taken properly into account either. However, when compazed with self-consistent electron structure calculations, the superpos&tion describes surprisingly well the electron density at the interstitial regions and its rise close to the atom chains. In fact, these are the most important aspects determining the positron state and the annihilation rate because the positron has a strong tendency to seek out into open interstitial reg&ons. This tendency is clearly seen in Fig. 2 , which shows the delocalized positron wave function in the ideal InP lattice. The superposition of atomic densities may be most questionable for the most
The present calculations rely on the fact that the electron density in a semiconductor can quickly and reasonably well be obtained by the superposition of free-atogn The ion positions are denoted by solid circles. The lower of the nearest neighbors in the (111)direction is In and the upper one P. The wave function is at maximum in the interstitial regions between the ion chains and vanishes at the nuclei. The contour spacing is -, ' of the maximum value. ionic compounds treated in this work. For this kind of cases self-consistent electronic structures could give more reliable results, but their calculation is enormously more complicated than the atorgic superposition.
The lattice constants and high-frequency dielectric functions used in the present calculations for semiconductors and insulators are listed in Table I . Moreover, several experimental values for the positron lifetime ip the perfect lattices are given and we have chosen an "average" value~, ", for the experiment-theory comparisons. The positron annihilation characteristics calculated according to the semiconductor model [Eqs. (10) In the insulator model the dependence on the dielectric constant e is much stronger than in the case of the semiconductor model. This leads to a larger scatter in the bulk lifetimes when they are plotted as a function of the unit-cell volume in Fig. 3(a) . For the typical insulators the agreement between the theoretical and experimental lifetimes is not as good as for semiconductors. This may be partly due to the fact that the experimental data in Fig. 3 are taken from several sources. Systematic experimental work is called for to further clarify positron annihilation in insulators.
The core annihilation rates for the hosts studied are generally rather small, typically -0.3 ns '; for C, BP, and Si as small as -0.1 ns '. Only in the case of insulators GaN and MgO do they make a rather large contribution to the total annihilation rates. The core annihilation Table I rate depends on the core enhancement factor. For example, in the case of semiconductors, if the IPM [with the value of 1.0 for the enhancement factor instead of 1.5 (Ref. 15 )] is used the positron lifetimes increase typically by 5 ps. Thus the choice of the core enhancement factor may cause small systematic errors in the calculated positron lifetimes.
B. Discussion
In order to achieve criteria for which of the two models should be chosen in a specific case we analyze the positron annihilation in bulk semiconductors and insulators in more detail. We define a density parameter r, ' which corresponds to the e6'ective valence electron density with respect to the positron annihilation. This means that r, ' inserted in Eq. (10) or (12) gives the valence annihilation rates in Tables II and III, 6~+2 (22) portant parameter is the enhancement Ag which for semiconductor (SC) and insulator (IN) models is, according to Eqs.
(1), (10), and (12),
(1 -1/e")(r, ' ) +10 ea, SC, When the semiconductor model is applied in the real three-dimensional calculations the enhancement at a given point depends on the local electron density. In the upper part of Eq. (22) the efFective electron density r, ' is used and therefore the enhancement factor obtained is also an effective one, bg ' . On the other hand, in the insulator model the enhancement is a density-independent constant as indicated also in the notation. Table I, 
This means that the "open volume" for the positron in where r, ' (given in a.u. ) and A, , (in ns ') are the theoretical results depending on the values of A and B (r, "",is given in ns). However, this dependence comes through the correlation potential [Eq. (18) ] and is very weak. Therefore only one improvement iteration is needed. The points for C, GaN, MgO, SiC, GaP, and Si fall nicely on the same straight line determining the parameters 3 and B as in Eq. (13). The semiconductors to the right of Si fall below this line, indicating that the linear dependence assumed in the insulator model is no longer adequate. In order to fully assess the model for insulators more data is clearly needed, especially to fill the gap between SiC and
GaP.
From Tables II and III we can see that Si can be described equally well in both models, i.e. , the ranges of validity of the models overlap. The fact that the models for insulators and semiconductors seem to join rather smoothly means that the borderline between these models is not sharp. In practice, one may choose the model to be used by calculating the value of Q[(e -1)/(e +2)] for the system in question and comparing it to the borderline of the models where it is around 100 -110a.u.
The values of r, ' and hg for the "borderline" case Si clarify the differences between the two models. hg ' 's calculated in the semmiconductor model for several hosts are added as squares in Fig. 4 , in which the straight line gives the insulator model result, and the circles denote the constant enhancements Ag reproducing the experimental positron lifetimes. The high electron density regions near the ion cores contribute to the positron annihilation more in the insulator model than in the semiconductor model, because the enhancement is constant in the former whereas in the latter model the enhancement decreases when the electron density increases. Therefore the r, ' ' s are smaller in the insulator model. In the annihilation rate this difference is compensated by a smaller enhancement in the insulator model. Therefore both models give similar rates for Si. However, to the right of Si, e.g. , in the cases of GaAs and Ge, the compensation in enhancement should be larger than given by the insulator model (the bg, 's fall below the straight line). As a consequence, the insulator model gives, e.g. , for GaAs and Ge, a shorter positron lifetime than the semiconductor model. 
, IN . Thereafter, as indicated already above, we use the calculated core electron annihilation rates A, ', ""' (given in ns '), the calculated etfective electron densities n,'h""(in a.u.} or r,'th", ' the interstitial regions of the host is directly proportional to the unit-cell volume. The r, ' values are remarkably larger than the values resulting if the valence electrons were uniformly distributed over the whole unit-cell volume. For example, r, ' =2.30 for Si whereas the conventionally calculated r, =2.01. The difference rejects the fact that in semiconductors positrons reside in the interstitial regions whereas the valence electron density resides in bonds between the neighboring atoms. This tendency would be even clearer if the electron density were self-consistent instead of the superposition of free atoms. For comparison, for the fcc metal Al the atomic superposition calculation' gives r, ' =2. 10, which is very close to the conventional r, =2.07.
The dependence of the annihilation rate on the dielectric constant e becomes weaker when e increases in the insulator model [Eq. (12) ] and this tendency continues even more clearly in the semiconductor model [Eq. (10) ]. In order to demonstrate the importance of the e dependence in the annihilation rate we have solved Eqs. (10) and (12) for the dielectric constant: lifetimes r,"~"(in ns) and obtain a dielectric constant e, corresponding to the measured positron lifetime. All the values needed are given in Tables I, II, and III. In fact, this is a very good test for the models proposed, because the theoretical results for k', "' ' and r, ', z", in Figs. 6 and 7 for the semiconductor and insulator models, respectively.
The error bars correspond to an uncertainty of +2 ps in the positron lifetime. The semiconductor model in Fig. 6 gives reasonable results when e" is greater than -9, but fails drastically for the typical insulators with sma11 e values. The error bars are rather large especially for the high-e"semiconductors.
The insulator model works very well when e" is less than -9, but it is interesting to note that it can predict dielectric constants also for InP, GaAs, and Si. For higher e the e values seem to decline. Thus the regions of validity of the two models overlap also in this sense. The strong correlations seen in Figs. 6 and 7 imply that the positron lifetime measurements could be used in a sense to determine the highfrequency dielectric constants for semiconductors and insulators.
In the case of GaAs, there is a debate concerning the bulk lifetime value. Dannefaer et al. have strongly suggested that it should be -220 ps, which is shorter than the value of -230 ps found by other experimentalists (see Table I ). The value of 230 ps for GaAs as well as the experimental bulk lifetimes shown in Fig. 3 are obtained from measurements for p-type and semi-insulating semiconductors for which one-component lifetime spectra are obtained after subtraction of small source terms. This single component is then interpreted as the positron bulk lifetime. On the other hand, the result of Dannefaer et a/. is obtained by 6tting the trapping model to the decompositions of experimental spectra, i.e. , not directly as an observed lifetime component. Dannefaer has been able to decompose the measured spectra by gathering a relatively large number of counts in the lifetime spectra. Theoretically, the lifetime of 220 ps can be reproduced by using the metallic limit (e = ao ) in Eq. (10). However, in order to be consistent one should then observe, e.g. , for
Si, a bulk lifetime substantially lower than 220 ps, which is the value accepted also by Dannefaer. On the other hand, if the insulator model described above were valid for GaAs, the predicted positron bulk lifetime would be, according to Table III , 223 ps. But, because GaAs is on the right-hand side of Si on the polarizability scale (Fig.   4 ), we prefer to use the semiconductor model, which works already for Si.
Previously, ' positron bulk lifetimes in semiconductors have been calculated with the hnear muftin-tin orbitals (LMTO) method within the atomic-spheres approximation (LMTO-ASA).
The electron structures in these calculations are self-consistent although the actual threedimensional geometry is not exactly taken into account due to the ASA. In these calculations the form (11) by Brandt and Reinheimer' is used for the annihilation rate, and the value of e =0.2 is chosen in order to reproduce the experimental bulk lifetimes in average. The lifetime results agree well with the present ones showing that the electronic structure can well be approximated for this purpose by the superposition of free atoms.
C. II-VI compound semiconductors
A prominent feature in the electron band structure of II-VI compound semiconductors is the narrow d bands at rather high energies. For example, Fig. 8 shows the band structure for CdTe, which has been calculated using the LMTO-ASA method. The Cd 4d bands are in the heteropolar gap, slightly separated from the valence band. The Te 5s bands lie below the Cd 4d bands, but their width is still considerable. The problem in calculating positron annihilation rates in these materials is the description of the enhancement for the d bands. It should be larger than the enhancement for the tightly bound core but less than that for the more delocalized valence electrons. We have used the same scheme as in the context' of the transition metals, i.e. , the enhancement factor of the d elec-TABLE IV. Positron annihilation characteristics in perfect CdTe and in HgTe lattices. The calculations are performed using the semiconductor model [Eq. (7) ] for positron annihilation with valence electrons, which include Cd 5s, Hg 6s, and Te 5s and 5p electrons in the atomic superposition. Cd 4d and Hg 5d electrons are treated with a constant enhancement factor yz. For yz either the value of 1.5 corresponding to the tightly bound core electrons or the values appropriate for d electrons in Ag (1. 95) and Au (2.35) metals are used. A, "k"and A, z are the annihilation rates due to the valence, core, and d electrons, respectively. r is the positron bulk lifetime, r, ' corresponds to the average electron density aft'ecting the positron, and hg' is the enhancement factor defined in Eq. (19). The positron annihilation characteristics calculated for perfect CdTe and HgTe lattices are given in Table IV . Two limits are considered. The use of the core enhancement factor of 1.5 also for uppermost d electrons gives the upper limit for the positron lifetime. The lower limit is obtained by using the d-enhancement factors determined in the case of nearby Ag and Au metals for Cd and Hg, respectively. These enhancement factors are certainly too high, because in the present cases the localization of the d electrons is stronger due to the larger atomic numbers and the larger distances between the metal atoms. For CdTe the two lifetime estimates are rather close to each other and to the values obtained experimentally (Table I ). The scatter is much larger for HgTe, where the higher limit is nearer the experimental estimate (Table I) . As a matter of fact, the experimental values are somewhat uncertain because the extraction of positron bulk lifetimes from the many-component spectra has been difticult. However, the present calculations confirm the simple picture that from these two semiconductors, which have nearly the same lattice constants, HgTe should have the smaller positron lifetime, because the Hg atom is larger than the Cd atom. The calculated r, ' and Ag' values for CdTe and HgTe are also shown in Table IV . They lie within the values typical for semiconductors and would be situated near InSb ip Figs. 4 and 5. To conclude, the semiconductor model presented above can be used with minor modifications to include delectron enhancement descriptions of positron states and annihilation rates in II-VI compound semiconductors as well.
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IV. POSITRONS TRAPPED BY VACANCIES AND DIVACANCIES
A. Results
The insulator and semiconductor models presented form a basis for calculations of positron states and annihilation rates also in defected lattices. Here we show results for idea/ vacancies and nearest-neighbor divacancies in insulators and semj. conductors, i.e. , the lattice relaxation around the defect is not taken into account. Moreover, the atomic superposition used does not allow description of differences in the electron structures between the diferent charge states of the defect.
The wave function of a positron trapped by the two
VI"
Vg"Vp kinds of vacancies and the nearest-neighbor divacancy in Inp are shown in Figs. 9 -11. The localization in the vacancies is weaker than in typical metal vacancies. Especially, in the smaller P vacancy (Fig. 10 ) the wave function has a tendency to Bow over into the open interstitial regions. It is seen that the open volume corresponding to the divacancy is needed to maintain localization similar to that at metal vacancies. The difFerence between the two kinds of vacancies with respect to the positron response is much clearer in the insulators studied than in the III-V semiconductors. In GaN, SiC, and MgG, we find that N, C, and 0 vacancies cannot bind positrons at all. This is interesting, because, for example in the case of MgO, one expects that the 0 vacancies are positively TABLE V. Properties of positrons trapped at vacancies and nearest-neighbor divacancies in insulators and semiconductors. For C, SiC, GaN, MgO, BeO, BP, and GaP the calculations are performed using the insulator model [Eq. (9) ] whereas in tlM other cases the semiconductor model [Eq. (7) ] is used. Cd 4d and Hg Sd electrons are treated as tightly bound core electrons with the enhancement factor yz =1.5. A, "and A, , are the annihilation rates due to the valence and core electrons, respectively.~is the positron lifetime, r, ' corresponds to the average electron density affecting the positron, and hg is the enhancement factor defined in Eq. (19) . E~is the positron binding energy in the defect. Fig. 12 . The increase of the positron lifetime between the bulk state and the vacancy state in semiconductors is rather small. The ratio of the lifetimes is only about 1.12-1.16. For metals the ratio is typically around 1.5 -1.6, rejecting a more localized positron wave function in a close-packed lattice. In the insulators studied the values are near those for metals when a bound state is found.
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For divacancies the relative increase of the positron lifetime is of the same order as for vacancies in metals. Figure 12 demonstrates that the positron lifetimes corresponding to bulk, single vacancies, and divacancies increase linearly as a function of the unit-cell volume. In the case of vacancies several groups have to be separated according to the size (or the row in the Periodic conductors opens an additiopa1 possibility. Namely, the screening may depend on the charge state of the defect. One obtains an order of magnitude estimate for this effect by using the metallic limit for the screening. In the case of VA, the metallic screening gives a lifetime 12 ps shorter than in the semiconductor model. Dannefaer and Kerr ' have proposed that the lifetime component of 295 ps should be connected with divacancies in GaAs. However, this assignment seems improbable according to present theory, which predicts for the defect a remark-ab1y longer lifetime of 317 ps.
Previously the positron states in vacancies and small vacancy clusters have been calculated by using the Brandt-Reinheimer enhancement model Eq. (14) with cg =0.2. ' The previous atomic superposition calculations give essentially the same results as the present calculations. The LMTO-ASA Green's-function calculations, ' which use self-consistent electron densities, differ from the present treatment because they can deal with the different charge states. The LMTO-ASA Green'sfunction calculations showed that the positron lifetime in a vacancy does not depend strongly on the charge state if the electron-positron correlation is treated similarly in each case, and no relaxation occurs. The positron lifetimes in vacancies calculated by the LMTO-ASA Green's-function method are similar to the present results. According to the earlier calculations the positron lifetime in VA, is -10 ps longer than in the V~, whereas the present calculations give only a difference of 3 ps. This small disagreement rejects the effects of the selfconsistency of the electron density. The positron binding energy in a defect is more sensitive to the details of the electron structure than the lifetime. For example, the LMTO-ASA Green's-function calculations predict for vacancies binding energies which are larger than the present values approximately by a factor of 2. Moreover, in that scheme the binding energy depends on the charge state of the defect. The actual magnitude of the binding energy has an important effect on the positron trapping rate into the defect.
V. CONCLUSIONS We have developed two models which describe the electron-positron correlation in insulators and semiconductors, in particular the enhancement of the electron density at the positron. The high-frequency dielectric constant has been found to be the relevant quantity for determining the effect of the band gap on the screening response of the valence electrons. The first model, which starts from the properties of electron gas, is better suited to typical semiconductors. This model is free from adjustable parameters and is therefore of great value in supporting the interpretation of measurements, first of all the determination of positron bulk lifetimes. The basis of the second remodel is to treat the polarizability of the valence electrons as that of more tightly bound core electrons, and the C1ausius-Mossotti relation is used. Therefore the model describes better insulators. The model contains two adjustable parameters common for all materials, and it can be considered as an interpolation scheme between different insulator hosts.
We have used the models to predict positron lifetimes at vacancy-type defects in semiconductors and insulators. The main conclusion from the defect calculations is that the lifetime measures faithfully the amount of the open volume available for the positron. This is seen already in the results for the perfect lattices. However, some of the experimental findings are difFicult to understand using the present models. Firstly, one should take the 1attice relaxation into account at least in the calculation of the electron density for the defect, but the relaxed positions of the atoms are not accurately known. Secondly, the change of the charge state of the defect affects the relaxation, and it might also affect elect;ron-positron correlation. Thirdly, ip the present calculations the average electron density at the defect is not affected by the localized positron as it in principle should be. Calculations performed with the two-component density-functional theory cou1d answer this question.
